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LIQU~-AMMONIA- LIQUD-OXYGENROCKET-ENGINECOMBUSTIONCHAM6ER.

By GeraldMorrell

SuMMAm“
bternalfKlmcoolingofthecombustionchamberofa 1000-pound-

thrustliquid-amnonia- liqutd-o~genrocketenginewasinvestigated.
Chamberpressurevariedbetween220and270poundspersquareinchabso-
lute.Thethreecoolantsstudiedwerewater,2 to 7.5percentoftotal
flow;ethylalcohol,5 to 15percentoftotalflow;andliquidammonia,
3 to 21percentoftotalflow.

Gas-to-coolantfilmheat-transferdataarepresentedandcompared
withdatapreviouslyobtainedina water-cooled,4-inch-dismetersteady-
flowfti-coolingduct. Formmparablegas-streamconditionsandcool-

9 antflows,thefWn-cooledsurfaceintherocketenginewasfoundtobe
asmuchastwicethatpredictedfromtheburnerdata. b orderto cool
the8.5-inch-long,4-inch-dismetertestsectionofthecmbustioncham-.. bercompletely,a flowofwaterequaltoapproxtitely5 percentof
totalflowthroughtheenginewasrecjyired;whenethylalcoholwasused,
a flowofapproxhna.tely15~rcentoftotalflowwasrequired;andwhen
mmnoniawas’used,a flowofa.pproxha.tely9 percentoftotalflowwas--
required.

Performanceofthesmmonia-o~gensystemwasdeterminedinan
uncooledenginehavingthesamedimensionsasthecooledengine.The
data,whichwerecorrectedtoa chamberpressureof 250poundsper
squareinchabsolute,indicatea maximumspecificimpulseof 220pound-
secondsperpoundat an oxidant-fuelratioof1.4(stoichiometric
ratio= 1.Q). Over-arangeof oxidant-fuelratiosfrom1.1to 1.6, ~~<~.
theeffectoffti coolingonperformancee isa 4 percentreductionin -’..,,
specifictipul.sefora water-coolsmtflowof5 percentoftotalflow,a
4 percentreductioninspecificimpulsefor&nalcohol-coolantflowof
15percent,no reduetionh specificimpulseforananmonia-coolant
flowupto U.percent,andonlya 2 percentreductioninspecific

* impulseforanammonia-coolantflowof15percent.
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INTRODUCTION

Theextremelyhightemperaturesandratesofheattransferencoun-
teredinrocketenginesposea verydifficultcoolingproblem.Regener-
ativeorexternalcoolingisoneapproachtothesolutiono’fthisprob-
lem. Anotherandperhapsmorepromisingapproachisinternalcooling,
whichinvolvesthemaintenanceofa bufferlayerof coolantbetweenthe
hotgasandtheenginewall. Lowerinner-walltemperatures,lowerover-
allpressuredrops,andlowerpower-plantweightsaxetobe expected
wheninternalratherthanregenerativecoolingisused.Forsomeofthe
high-energypropellantsnowbeingconsidered,thepropertiesofwhich
makethemunsuitableforregenerativecooling,itappearsthatinternal
coolingmaybe theonlyadequatemethodjreference1 indicatesthat
titernalcoolingcanpreventbuildup ofoxidesontheenginewallwhen
metallicfuelsareused.

Ifthewallsofan”engineareconstructedofa porousmaterial,
thecoolantfluidcanbe forcedthroughthewalltoforma protective
boundarylayerontheinnersurface;thisislmownastranspirationor
sweatcooling(references2 to 6). A disadvantageofthismethodis
thedifficultyof obtaininguniformflowthroughlargesections.IX’
liquidcoolantsareused(reference7),vaporlockmayLbnittheflow
throughthewall..

Filmcoolinginvolvestheintroductionofa coolantat discrete
potitsalongtheinnerwalloftheconibustionchamberandallowingthe
hotgasesto swee~thecoolantdownstreamtoforma protectivelayer.
Thismethodisespeciallypromisingwithliquidsifthelatentheatof
vaporizationcaneffectivelybe Utiltzedjat=leastonemanufactureris
developingan engineusingthismethodof coolinginthecombustion
chamber.Filmcoolingwithwaterconsiderablyreducesnozzle-wall
temperaturesinanacid-anilinerocketengine(reference8). Filmcool-
ingwithwaterina hydrogen-o~genflametubeisreportedinrefer-
ence9,butbecausean excessofwaterwasusednoheat-transferdata
wereobtained.A studyoffilmcoolingwithwaterinanacid-aniline
rocketenginethatwasalsoregenerativelycooledandshoweda marked
decreaseinheattransfertotheexternalcoolantisreportedinrefer-
ence10. Gas-to-liquidfihnheat-transferrateswereestablishedby
studyingsteady-statecoolingina 4-inch-diameterductfilmcooledwith
wateratairtemperaturesto 2000°F (refereneeU). TheStantonnumber
wasfoundtobe proportionaltoa functionofReyuoldsnumberand
Prandtlnumberfora givencoolantflow.

Thepresentinvestigationofa 1000-pound-thrust“liquid-ammonia-
liquid-oxygenrocketenginewasundertakento determineiftheprelim-
inarycorrelationpreviouslyobtainedinthesteady-stateburner

w

--
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(reference11)wouldapplyto a rocketengine,to establishtheeffec-
●

tivenessoffuelsasfilmcoolantsintheabsenceof simultaneousregen-
erativecooling,andtomeasuretheeffectoffilmcoolingonperform-

? ante.A noncarbonaceouspropellantsystemwaschosento simplify
(D radiationcalculationsandtopreventcsrbonformationonthetest-

sectionwails.Thecoolant,eitherwater,ethylalcohol,oranhydrous
liquidmmnonia,wascircumferentiall.yintroducedatthev@streamendof
a thin-walledsectionofthechsmber;skinthermocouplesindicatedthe
effectivelycooledlength.Theworkreportedhereinwasconductedat
theNACALewislaboratorydurtig1950.

SYMBOLS

Thefolbwingsymbolssreusedinthisreport:

c??Jg

cp,2

D

F

G

H

h

I

k

L

M

NW

‘Re

ni

specificheatat constantpressWeofcombustiongasintest
section,(Btu/(lb)(%))

averagespecificheatat constantpressmeofliquidcoolant,
(Btu/(lb)(OF))

diameteroffilm-cooled.testsection,(ft)

enginethrust,(lbforce)

massvelocityof ccmibustiongas,(lb/(sec)(sqft))

heatofvaporizationofcoolant,(Btu/lb)

heat-transfercoefficient,(Btu/(sec)(sqft)(W))

thrust, (lbforce)spec~ic@dse ofrocket~g~e~ totalflowrate,(lb/see)

thermalconductivity,(Btu/(sec)(sqft)(OF/ft))

liquidfilm-cooledlength,(ft)

molecularweight

YPrandtlnmber, ~

Reynoldsnumber,~

weightfractionof ithcomponent
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Pc chamberpressure,(lb/sqin.abs.)

NACAI?ME51X04

PO ambientpressure,-(lb/sqin.abs.)

%2 convectiveheattransferperpoundof.,coolant,(Btu/lb)

%? radiationheattrmsferperpoundof coolant,(Btu/lb)

qt totalheattransferperpoundof coolant,(Btu/lb) ‘

R1 impulseratiowithcooling,
experhnentalspecificimpulse(cooled]
experimentalspecific@ulse (uncooled)

Tf theoreticalflametemperature,(%)

‘g totaltemperatureof combustiongas,(%)

Ts temperature.of”surface.ofliquidcoolsmt,(OR)

Tw . inside-walltemperature,(OR)

Wf fuelflow,(lb/s,ec)

.

‘g averageflowofccmibustiongasthroughtestsection,

W. +-Wf+ ~, (lb/see) .

Wz liquid-coolantflow,(lb/see)

Wo oxidantflow,(lb/see)

Y ratioof specificheats

~1 impulseefficiency,experimentalspecificimpulse
theoreticalspecificimpulse.

v’ viscosity,(lb/(sec)(ft))

P densityofgas,(lb/cuft)

nJ
I-J
m

—
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APPARATUSm PROCEDURE

Apparatus

A diagrammaticsketchoftherocketengineusedinthisinvesti-
gationispresentedinfigure1. Theengineconsistsofthefollowing
components: propellantinjector,adapter section,coolantinjector,
thin-walledtestsection,andsolidcoppernozzle,whichwaschrome
platedonthehot-gasside.Thepropellantsandthecoolantwereintro-
ducedintotheenginethrou@electricallyactuatedgas-operatedvalves
frompressurizedstoragetanks.

Propellantinjector.- Thepropellantinjectorusedinthisinves-
tigation,produced24fueljetsthatimpingedon12 oxidantjetsata
distanceofapproxhately0.75inchfromtheinjectorface,~hefuel
beingontheoutside(fig.2). b anattemptto improvecombustion
efficiencyandoperationalsimplicity,twoinjectors,,eachhaving
24pairsofjetsimpingingabout0.375inchfromtheinjectorfacewith
oxidantontheoutside,weretried.Oneoftheseinjectorswasequipped
forgunpowder-squibignitionandtheotherforspark-plugignition.Use
oftheseinjectorsresultedin screarningoperationthatdestroyedthe
coolantfti andcausedthetestsectiontobecomeoverheated.Perform-
=ce testsshowedthattheseinjectorsdidnotproduce@roved hrpulse
,efficiencyoverthatobtainedwiththestandardinjector.

A 4-inchinside-diameterheavy-walledadapter,2.8-titheslong,
betweenthepropellantinjectorandthecoolantinjectorwasusedasa
meansofmountingtheengineonthethruststand.

Coolantinjectors.- Threetypesof cooht injectorwereusedin
thisinvestigation.Thefirstinjectorwasthesameasthejet-t~e
injectordescribedinreference11. FrequentcloggingoftheNo.80
driJJ_holescausednonuntiomcoolingevenwithtwofiltersinthe
coolantline. Thesecondinjector(vertical-slotinJector)hada
dividedstainless-steelinsert,one-halfofwhichhadan integral
deflectorring,l/2-inchlong.Theotherhalfhad60rectangularslots,
0.005-inchdeepand0.062-inchwide,directedperpendicularlyto the
deflectorring,as showninfigure3. Thethirdinjectorhadtheslots
cutat45°anglestotheaxisanddirectedtangentiallyat thedeflector
ring.Becausethistangential-slotinjectorfailedto tiprovecooling
effectiveness,itwasusedforonlya fewoftheruns.

Testsection.- Thestainless-steeltestsection,showninfig-
ure4, consistedofa 4-inchinside-diametertube,approximately
8.5-incheslong,witha wallthiclmessof0.095~c~. The34 &romel-
alumelskinthermocoupleswereattachedinseveralrowsinorderto

——
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obtaincticumferentialaswellas longitudinaltemperaturedistribu- e
tions.Theexactarrangaentofthesethermocoupleswasasfollows:

Distancedownstream
oftest-section
entrance

(in.)

1
2
3
4
5
6
7
7.5

Numberof
thermocouples

2
2
2
4
4
4
8
8

Total34

Circumferential
—

spacingof
thermocouples —

(deg) ar
180 E
180

.180
90
90
90
45
45

E*ust nozzle.- A convergent-divergentnozzle,machinedfroma
solidcopperbilletandchromeplatedonthehot-gasside,completed
therocketengineassembly.Thisnozzle,designedforan expansion
ratioof 20.4,hadthefollowingdimensions:throatdismeter,
1.875inches;exitdiameter,3.86inches;throat-to exit-arearatio,
0.236;convergencehalfangle,30°jdivergencehalfangle,15°.

Ignitionsystem.- Ignitionwasaccomplishedbymeansofa coaxial
cablearrangedtoforma sparkgapattheopenend. Thiscable,powered
by a high-voltagetrsasformer,wasinsertedthroughthenozzleintothe
chamberandheldinplaceby a metalspring.Afterignition,the
~~ @S ejectedcableandspringfromtheengine.

Propellantsandcoolants.- Commercialliquidoxygenandanhydrous
liquidammoniawereused as propellantstheamnoniawasusedas a
coolantaswell..Waterforfilmcoolingwastakenfromcitymainsand
filteredtwicebeforereachingthecoolantinjector.Thespecially
denaturedalcoholusedasa coolantassayed95-percentethylalcohol
and5-percentmethylalcohol.

lhstrumentation.- Propellantflowwascontinuouslymeasuredwith
anaccuracyof+1 percentby straingagesattachedto counter-balanced
weighingbe~j theoutputofthegageswasfedto self-balancing
recordingpotentiometers.Coolantflowwasmeasuredwithanaccuracyof
M).02poundpersecondbyanarea-typetransmitterandrecorder;the
recorderwasplacedasnearaspracticableto thetransmittertokeep
transmissionlinesto a minimum.

.

—

*
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me thrustwasmeasuredwithanaccuracyof+10poundsby au straingageunitattachedto theparallelogramthruststand;theout-
putofthegagewasfedto a self-balancingrecordingpotentiometer.

Chamberpressurewasmeasuredwithanaccuracyof+6 poundsper ,
squareinchby a Bourdon-tubetypestrip-chartrecorderlocatednear
theengineto keephydrauliclinestoa minimum.

Theoutputsof12 chromel.-alumelthermocouplesonthetest-section
surfaceweremeasuredandrecordedby self-balancingpotentiometerswith
anaccuracyof+0.125millivoltinthe10-millivoltrangeandanaccu-
racyof+0.2millivoltinthe20-mi31ivoltrange.Outputsof eight
additionalchromel-almnelthermocouplesonthetest-sectionsurfacewere
recordedby a single-channeloscillographwithanaccuracyof+0.2mil-
livoltbymeansofa high-speedautomatic-selectorswitchmaking10 con-
tactspersecond.

Procedure

Afterthepropellantandcoolanttankswereloaded,theigniter
cablewasinsertedintotheengine.Thecoolantlinewasbledatthe
controlvalvesothatcoolantwouldentertheengineaheadofthemain
propellantsandthenthetankswerepressurized.-Thefiringprocedure
consistedinturningontheinstrumentsandthentheigniter.Propel-
lantandcoolantcontrolvalveswerethenshuultaneouslyopened.

i
Runningthe variedbetween5 and30 secondsdependingonwhether

thecoolantflowwaschosento partiallyorcompletelycoolthechamber
testsection.Becausea singlerunwithoutcoolantcauseda chamber
burnoutinlessthan5 seconds,34)secondswasconsidereda longenough
period-oftimeto establishthatthetestsectionwasstablyandcom-
pletelycooled.

For”determinationofperformancewithoutcooling,a heavy-walled
chsmberwassubstitutedfortheadapter,coolantinjector,andtest
section.TheCharacteristic.lengthoftheresultantconfigurationwas
approxhately67 inches,comparedwith64 inchesforthef~-cooled
engine.

Liquid-cooledlength.- Theliquid-cooledlengthisthedistance
downstreamofthecoolantinjectorthatthefilmofliquidcoolantper-
sistsonthechamberwall. Thisdistancewasdeterminedby plotting

w ~utside-walltemperatureagainstdistancefromthetest-section
entrance.~ differentrowsofthermocouplesdisagreed,theaverageof
theseveralcurveswastaken.Calculations,inwhichequationsrecom-

4 nendedby McAdamsinreference12wereused,showedthattheheatloss
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by freeconvectionandradiationfromthetest-sectionsurfacetothe
anibientairwassosmallatan outside-walltemperatureof 300°F that
themeasuredoutside-walltemperaturecouldbeusedwithoutappreciable
errorinplaceoftheinside-wall.temperaturethroughoutthecooledpor-
tionofthechamber.

Theslopeofthetemperature-distancecurveincreasedsharply
beyondthepointwherethewalltemperatureequalstheboiltngtempera-
tureofthecoolantatthemeasuredchamiberpressureforbothwaterand
alcoholcooling. Thedistancefromthetest-sectionentranceto the
pointatwhichtheoutside-walltemperatureeqyalstheboilingtempera-
tureofthecoolantwastakenastheliquid-cooledlen@h.

Whenliquidammoniawasusedasa coolant,thetemperature-distance
curveswerequitedifferentfromthewaterandalcoholcurvesjustdis-
cussed.Inthiscase,therewasno sharpchangeinslopewhenthewalJ_
temperaturereachedtheboilingtemperatureofthecoolant;insteadthe
teqeraturealongthetestsectiongraduallyincreased.b orderto
determinetheliquid-cooledlength,itwasassumedthattheammoniaon
thewallexistedasa superheatedliquidup tothepointatwhichthe
wald.temperaturewasequalto 270°F, thecriticaltemperatureof
smnonia.Thesmalladditionalcoolingobtainedbeyondthispoint,pre-
sumablyby gaseousammonia,wasdisre~dedexceptinthedetermbation
oftheminhnumquantityofsmmoniarequiredto cooltheentiretest
section.

Reductionofcoolingdata.- Heat-transferdatawereobtainedby
usingcoolantflowsthatwere-lessthantheminimumrequiredto cool
theentiretestsection.Theserunswerenecessarilyof shortduration,
10 secondsorless,butthepressure,thrust,andtemperaturerecords
indicatedthatsteady-stateoperationwasattained.TheReynoldsnumber
ofthecombustiongascouldnotbe variedappreciably;therefore,an
independentheat-transfercorrelationwasnotpossible.Itwasassumed
thatthecorrelationreportedinreference11 fora gasoline-airburner
fihn-cooledwithwaterwouldbe validinthiscase.Theequationfor
thiscorrelationmaybewritten

wheretheproportionalityconstantvarieswithcoolantflow.

(1)

.—

—
—
—

.

3 ‘=

u
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Fortheexperimentalconditionsimolved,h isdefinedas

%%
h= (fiDIJ(Tg-Ts)

Substitutingequation(2)ineqgation(1)and

(2)

rearrangingyields

‘Z ‘aw.~)’(~-Ts)]($!)NRe0*07‘Pr-oo’
Thisequtionwasusedtogeneralizeallheat-transferdataobtained.

Thephysicalpropertiesofthecombustiongaseswerecalculated
fromthetheoreticalcompositionsby meansofthefollowingequations
recommendedinreference13:

%?,. ‘~ni’%,i

(3)

(4)

(5)

(6)

Theoretical.compositionswerecalculatedby themethodofrefer-
ence14withtheassumptionthatthepropellantswereliquid;the
resultswerefoundto agreesubstantiallywiththecompositionslisted
inreference15whereoneofthepropellantsisassumedtobe gaseous.
Formolecularspecies,valuesof w weretakenfromreference16 and
logarithmicallyetirapolated.Valuesof k werecomputedby meansof

(9r-5)(v)(c-p)
theEuckenequation(reference17): k = 4y - Forfreeradi-

cals,valuesof k and v weretakenfromrtierence18. Forallspe-
cies,valuesof Cp weretakenfromreference19andvaluesof p were
calculatedfromtheideal-gasequation.h figure5,thephysicalprop-.
ertiesofthecmbustiongas,calculatedonthebasisoftheoretical
compositicm,areplottedas functionsof oxidant-fuelratio.

a Thetotalgastemperaturewascalculatedfromtheimpulseeffici-
encyontheassumptionthat T and M didnotappreciablydifferfrom
thetheoreticalvaluesandthat PO was1 atmospherefortheactual

i case.Etromtherelationobtainedby usingeqpationsofreference20,
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thefollowingequationcan

Tg = ?12Tf (7)

Theoreticalvalues.ofspecificimpulse,flametemperature,andratioof
specificheatsareshowninfigure6. Flame-temperatureandratioof
specfiicheatswerecalculatedby themethodofreference14. Specific
impulsewascalculatedinthesamewayby assumingequilibrium,isen-
tropic,one-dimensionalflowthroughtheexpsksionnozzle.

Theconvectiveheattransferperyoundof coolantwascalculated
from

%2= qt-qr (8)

where

“

.—

.

% = ~,z (T~-q) -I-E (9)
M

Thisexpressionneglectstheheattransferfromtheliquidfll.mto
theretainingw~ andtheheatconductionfromthehotterto thecooler
sectionsoftheretatitigwall. Calculationsindicatedthatthesequan-
titieswereoftheorderof1 Btuperpound-ofcooht as coirpared”with
a totalheattransferof severalhundredBtuperpoundofcoolant.
Valuesof %J> qr) and qt aregivenintablesI andII.

Forwaterandethylalcohol,Ts wastakenastheboilingtempera-
tureoftheliquidatthetidicatedchemberpressureandfor Tw the
measuredoutside-walltemperaturewasused.Forsmmonia;T~ wasarbi-
trs&ilytakenastheaverageoutside-walltemperaturebecauseT~ could
notbe assignedwithanydegreeofcertaintyfromthedataobtained;Tw
wastakenas80°F,whichwasassumedtobe”thetemperatureof issuance
fromtheinjector.

Specific-radiationheattransferwascalculatedby themethodrn?e-
sentedinreference21. No effectofpressure
emissivityof0.9forthecoolantsurfacewere

on gas&d.ssivityan~
assumed.Forrunsin

..
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whichalcoholwasusedasa coolant,theeffectoftheproductsof com-.
bustionofalcoholonthegasemissivitywastakenintoaccount.

Reductionofperfomnancedata.- Allperformancedata,withor
w withoutcooling,werereducedforcomparisonpurposestoa comnonvalue
5 ofchamberpressureof 250poundspersquareinchabsoluteby assumhg

that Tf/M didnotvarywithmoderatechangesinchamberpressure.
Then,

.

[().r-i

PoT
Iml- q

where y isobtainedfromfigure6.

RESULTSANDDISCUSSION

Heat-TransferResults

Theperttientheat-transferdataandtheassociatedperformance
dataobtainedaretabulatedintablesI andII. ZntableI,thetheo-
reticalspecificimpulseisbasedonan oxidant-fuelratiowhichdoes
notincludethecoolantwater.Itwasassumedthatthewateractsasan
inertsubstanceinthecombustionprocess.Forthecaseh tiichfu~
wasusedasa coolant(tableII),thetheoreticalspecificimpulsewas
basedonan oxidant-fuelratiowhichincludedthefuelcoolant.& all
cases,theexperimentalspecific@mlse wasbasedontotalflowthrough
theengine.

Theoxidant-fuelratiowasvariedbetween0.8and2.0,thechamber
pressurevariedbetween220and270poundspersquareinchabsolute,and
thecoolantflowswerewithinthefollowingranges:water,2 to
7.5percentoftotalflow;ethylalcohol,5 to 15percent;anda?muonia,
3 to 21percent.

LiquidFilm-CwiedLength

Temperature-distancecurves.- Typicaloutside-wall.temperature-
distancecurvesareshowninfigures7 and8 forwater,alcohol,and
ammoniacooling.Thesymbolsrefertovariouslongitudinalrowsof
thermocouplesaroundthecircumferenceofthetestsection.Forwater
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andalcohol,thesharpchangein‘slopecorrespondingto
thefilmcanreadilybe seeninfigures7(a)and7(b).
forammoniacooling,no suchbreakoccurs,butrathera

NACARME51E04 R

expirationof
Infigure8(b)

,

gradualincrease
in.temperaturewithdistancedownstreamofthetest-sectionentrance.
Thisindicatesthenecessityofarbitrarilyusingthecriticaltempera-
tureofammoniaasthemaximumtemperatureoftheliquidfilm. Jumther
reasonforselectinganarbitrarytemperaturelimitfortheliquid-
ammoniacoolantfti isthatstabletemperatureshigherthantheboil-
ingpointofammoniaatthemeasuredchsaiber_pressureareattainedover
considerableportionsofthetestsection.A possibleexplanationfor
thisphenomenonisthatthecanbustiongases-nearthecool-liquidbound-
aryarefuelrich;thiswoulddecreasetheamnonia-concentrationgradi-
entbetweentheliquidsurfaceandthemaingasstresmtherebyhtidering
diffusionofammoniavaporawayfromtheliquidsurface.Thisdecrease
inrateofdiffusionwouldfavorthetendencyoftheliquidtobecome
superheated,whichwouldaccountforwalltemperaturesbeinghigher
thantheequilibriumboilingtemperature.

Wheredifferentrowsofthermocouplesindicateddifferentcooled
lengths,theindicatedlen@hsoftherowswereaveraged(fig.7(a])or
anaveragelinewasdrawnthroughthepoints(fig.8(b)).

—

Coolantflowrequiredto coolentirelengthoftestsection.- A
quantityofwaterequaltoapproxtitely5 percentoftotalflowwas #

justsufficientto cooltheentirelengthM.thetestsection
(L/D= 2.125);withanmonia,thisvaluewasapproxhnately9 percent; .—
sndwithethylalcohol,about15percentoftotalflowwasrequired.

“
:

Thesmmoniaflowof9 percentisbasedonan outside-walltempera-
tureof3500F, whichwasthehigheststeady-statetemperatureattained
inrunsduringwhichthetestsectionwascooledthroughoutitsentire
len@h.

Film-cooledlengthasa functionof coolantflow.- Therelations
betweentheliquid-cooledlengthto dismeterratiosmdthepercentage
coolantflowareshowninfigure9 forthethreecoolantsstudied.As
inreference11,thecoolingeffectivenessofammonia(fig.9(c))is
greateratlowercoolantflows;alcohol(fig.9(b))showsa somewhat
similartrend.Thisimprovedcoolingeffectivenessindidatesthedesir-
abilityofusinga multiplicityofcoolantinjectors,ratherthanrely- —
ingononeinjectorto cooltheentirechamber. ,:

Intheflowrangeinvestigated,waterdoesnotfollowthistrend.
Itispossible,however,thatextensionofthedatatohigherflows M
wouldresultina decreaseinefficiencyaswiththefuels,buttoprove
thiswouldrequirea muchlongertestsection(reference11)thanwas
usedinthisinvestigation. s
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CorrelationofHeat-TransferData I

AJJtheheat-transferdataobtainedareplottedinfigure10 in
accordancewithequation(3). Theslopeofthecurvesdecreasesas
coolantflowincreases;thus,a givenincrementofcoolantflowinthe
high-flowregionwillproducea smallerpercentagechangeinfilm-cooled
len@h thanthesameincrementinthelow-flowregion,ifothervari-
ablesareheldconstant.Forthesanegas-str~ conditions,theactual
cooledareah therocketengineisasmuchas doubletheareawhich
wouldbe predictedfromtheburnerdataofreference11 overtheappli-
cablecoolant-flowrange.It isprobablethata moreaccurateestirm-
tionoftotalspecificheattransferfortheammoniacoolantwould
reducethedifferenceoftherocket-enginedata.Becausetheammnia
maybe superheated,a smalltemperaturegradientthroughtheliquidfilm
wouldbe expected.Hence,thevalueof Ts-Tw wouldprobablybeless
than TW80, whichwasusedinequation(9). Furthermore,T~ being
greaterthan Tw, thetrueheatofvaporizationwouldbe lowerthan
thevalueused. Thetruetotalheattransferperpouhdof coolantqt
andhencetheconvectivecomponent~ wouldinturnbe lower,which
wouldgiverisetohigherortiatevaluesforammoniainfigure10,and
bringthemintocloseragreementwiththevaluesforwaterandalcohol.

Althoughitisoflimitedscope,figure10maybe usedto approxi-
matefilm-coolingrequirementsfora cylindricalrocket-enginechamber
whenthepropellantinjectordesignapproximatesthatusedinthis
investigation.An exampleoftheuseoffigure10fordesignpurposes
shouldserveto clsMfythesignificanceofthecurvespresented.

Assumea 1000-poundthrustamnonia-oxygenrocketenginewitha
cylindricalchamber4 inchesindimetertobe fiJncooledWithammonia.
Further,assumean aspectratioofthechsmberof1 (L/O= 1),an
oxidant-fuelratioof1.3,anda chamberpressurePc of300pounds
persquareinchabsolute.Theproblemisto determinetheamountof
ammoniarequiredto completelycoolthechaniberiftheperipheralcool-
antinjec+orisan integralpartofthepropellantinjector.An experi-
mentalspecificimpulseof 231poundsecondsperpoundata chauib~pres-
sureof300poundspersquareinchabsoluteina 200-pound-thrustengine
isreportedinreference22. Thecorrespondingtheoreticalspecific
impulseis257poundsecondsperpouredandthetheoreticalflametemper-
atureis48800F.

.

s

Accordingto equation(7),

% = 3850°F



14

Fromfigure5,

NACARME511!04 ?

—
w

CP>$

% = 45.4

a

x

Assumethat Ti= 150°F
injectoris80°F,“thenqt=

0.98Btu/(1’b)(%)

10-6Btu/(ft)(6eC)(%’)

X10-6 (lb)/(ft)(sec) ,+

‘Pr= 1.15 —

andthatthecoolanttemperatureatthe
500Btuperpound(reference16).

Onthebasisoftheresultsofthisinvestigation,take
qr= 0.1 qt, sothat ~ = 450Btuperpoundofcoolant.As a first
approximation,take ‘$ as equalto W. + Wf = 1000/231= 4.33pounds
persecond.Then,

Wg ~2g$g-Ts~ @~ NR$07 N~O.6

= 4.33[@&Z@] (4)(3.12X105)0”07(1.15)-0”6=312

—

—

Fromfigure10, Wz= 0.24poundspersecondor12.8percentofthe
totalflowoffuelistheapproxhateamounttobe usedas a coolant
alongthewallto absorbtheheattransferredby forcedconvection.2P
a betteresttiteisdesired,adjustWg, ‘calculateqr byHottelts
method(reference21),andperformthecalculationa secondthne.

EffectofFilmCoolingonPerformance

Performancedataforthesmmonia-oxygensystem,obtainedinan
uncooledengineandcorrectedto 250poundspersquareinchabsolute
chamberpressure,areplottedinfigureU.andindicatea maximumspeci-
fic@ul.seof220poundsecondsperpoundatan oxidant-fuelratioof
1.4(stoichiometricratio= 1.41).Theengineusedto obtainthese
datahada characteristiclengthof 67 inchesandwasequippedwiththe
samepropellantinjectorandnozzlethatwereusedforthecooling
experiments.
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Theperformanceofthefilm-cooledengine,reducedto 250pounds.
persquareinchabsolutechamberpressure,iscomparedwiththeperform-
anceoftheuncooledengineonthebasisofthe@ul.se ratiowithcool-
ing R1, andcoolantflow 100WZ/(Wo+Wf+WZ)infigure12.

Despiteconsiderablescatterinthedata,it ispossibleto draw
severalconclusionsabouttheeffectoffilmcoolingonperformance.

Withwaterasa coolant(fig.12(a)),thedataindicatea decrease
inhpulseratiowithincreasingcoolz+ntflowintherage ofmixture
ratiosfrom1.1to 1.6;forexample,at a 5-percentcoolantflow,speci-
fictipul.seisreducedaptiroximately4 percent.Formixtureratios
greaterthan1.6,no decreaseinimpulseratiowasobtainedwith
increasingcoolantflow. Thisphenomenon,togetherwiththeoccasional
appearanceofratios~eaterthanunity,maybe dueinlargepartto
experimental.errorandinparttothefactthattheadditionofwater
intheoxygen-richregimewouldtendtoreducethemolecularweightof
thegases.Hence,thereductionh specificixrpulseintheoxygen-
richmixturestendstobe lessthanthereductioninthefuel-richmix-
tures.Thisexplanation is strengthenedby thefactthatratiosgreater
thanunitywereobtatiedonlyatmixtureratiosWOfif greaterthan
stoichiometric.

< Whenethylalcoholisusedasa coolant(fig.12(b)),thereis
againa decreaseintipulseratiowithincreasing coolantflowinthe
rangeofmixtureratiosfrom1.1to1.6;forexample,fora coolantflow. of15percent,s~ecificimpulseisreducedapproximately4 percent.For
mixtureratioslessthan1.1,thedataareinconclusive.Itwasassmed
thatalcoholandammoniawereequivalentincomparingcooledwith
uncooledperformance;therefore,itisexpectedthatthecorrected
reductioninspecifichpulsewouldbe lessthanthatindicated.

Thehpulseratioofthecooledenginewasgreaterthanunityin
therangedfmixtureratiosfrom1.1to 1.6forammoniacoolantflowsup
to approximately11percent(fig.12(c));beyondthisflowtherewasa
slightdecreaseinperformancewithincreasedcoolantflow,forexample,
ata coolantflowof15percent,specificimpulsewasreducedapproxi-
mately2 percent.h therangeoftiure ratiosgreaterthan1.6,the
hnpulseratioofthecooledenginewasgreaterthanunityup toapproxi-
mately13-percentcoolantflow.

Forammonia-coolantflowslessthanabout10percent,ratios
greaterthanunityareobtainedratherconsistentlyinbothmixture-

. ratiorsmges.Thesephenomenasuggestthepossibilitythatinjection
ofpartofthefuel.alongthewallmayleadtohighercombustioneffi-
cienciesthsaareobtainedwhenallofthefuelis‘injectedinthe

1
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conventionalmanner.Thecauseprobablyliesina broadening ofthe
combustionzoneandhencemorecompletecombustionpriorto expansion

*

throughthenozzle.
——
.

CONCLJJDING~

Theresultsotthisinvestigationindicatethatrocket-enginecham-
berscanbe fihncooled,intheabsenceof simultaneousexternalcool- !
ing,withrelativelysmallproportionsoffuelandwithlittleorno -t
lossinspecificimpulse.Thus,lowerpressur,edropsandengineweights

—

maybe attainedby theelhninationofregenerativecooltigjackets.It
appearsthatintroductionofthecoolantat severalstationsinthe
chamberwouldbepreferableto introductionofthecoolantat a single
station.Finally,thelowerwiiLltemperaturesattainedwithfilmcool-
ingmaketheuseofnonstrategicmaterialsof constructionsuchas car-

-b-

on steeloraluminumpossible.

SUMMARYOFRESULTS

Internalfilmcoolingofthechemberofa 64-inchcharacteristic
len@h,1000-poundthrust,liquid-mmuonia- liquid-o~genrocketengine
wasinvestigatedat chamberpressuresfromabout220to”270poundsper
squareinchabsoluteandoxidant-fuelmixtureratiosfrom0.8to 2.0.
Threecoolantswerestudied:water,2 to 7.5percentoftotalflow;
ethylalcohol,5 to 15percent;andanhydrousliqyidammonia,3 to
21percent.

.

Theresultsofthisinvestigationcanbe summarizedasfollows:

1.Dataforestimatingfilm-coolantrequirementsof cylindrical
rocketchambers,forthecasewherethepropellantinjectorissimilar
to thatusedh thisinvestigation,wereobtained.

2.Overa comparablerangeof coolantflows,film-cooledlengths
wereobtainedwhichwereasmuchastwicethosepredictedfromdata
previouslyobtainedina steady-flowfih coolingduct.

3.Withwaterasa coolant,a flowequalto approximately5 per-
centoftotalflowwasrequiredto completelycoolthe4-inchinside-
diameter,8.5-inch-longtestsectionofthechsmber;withethylalcohol,
approxbnately15percentwasrequired;andwithanhydrousliquid
sumonia,approximately9 percentwasrequired. “

1
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. 4.Performancedataoftheammonia-oxygensystemwereobtainedin
anuncooledengimeofapproximatelythesameCUmensionsasthecooled
engine,and,whencorrectedto 250poundspersqpareinchabsolute

m chaniberpressure,indicateda maximumspecificimpulse@ 220pound
s secondsperpoundatan oxidant-fuelmixture ratioof1.4.
N

5.Overa rangeofmixtureratiosfrom1.1to 1.6,theeffectof
filmcoolingonperformanceisas-followsforthecoolantsandflows
indicated:water,5 percentoftotalflow,4 percentreduction~
specific@ubej ethylalcohol,15percentoftotalflow,4 percent
reductionin specificimpulse;anhydrousliquidammonia,noreduction
inspecificimpulseup to coolantflowsof11percent,andonlya
2 percentreductioninspecificimpulseata flowof 15percent.

LewisFMght PropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio.
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TABLR I-REAT-~SFmANOA9SO01~D~CS DATAFORROCKET-RNQ~COl!2USTIONC~ FI~COOLEDMITHWA~ “

m

—
—

1
—

Dxi.dant
elow

(l;,ec)

2.49
2.55
2.50
2.44
2.22
2.55
2;48

Fuel
flow

(lb~ec)

1.55
1.63
1.52
1.72
1.46.
1.54
1..44

coolantmat
flow

(?b)
(I;jeec)

0.189
.i81
.15
.154
.147
.091

..’.090

ChamberOxldent-molantTheOPet-
pre8svefuel 100YL Ical

8peolrlo~at~ m lm~l.,:lb\:Oin.
aba.7 ~ (lbj.ecl

Vertlc81-810tonolanti~jectov

T
ym:ae Average

liquid-
IenCycooled
VI lengtht{

diameter
ratio

I L/D

[u?. ! i .J.
ential-slotcoo14ntln,jector

8 2.18 1.55 0.184 692 252 1.41 4.70 250 0.91 1.85 876 144 732
2.30 1.52 .164 674 240 1.51 4.60

18
246 .91 2.04 871 135 736

2.55 1.46 .204 915 260 1.75 4.84 239 .91 2.01 ~56 125 731
11 2.m l.m .208 915 260 1.67 4.94 242 .895 2.14 856 135 721

.-
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TAE3L6II-n61moxidantflow

(l~se.)(

R6AT-TI

FuelrlowWr
,lb/net)

IANSF8RrCOolan.C1OU

(l:)mc

!1

2.47
2.40
2.48
2.31
1.81
2.42
2.33
2.39
2.5JI
2.C%
2.70
2.5s
1.SJJ
2.87
2.61

::%
2.5s
2.67

2.36
2.22
2.74
2.79
2.8s
2.52
2.57
2.s4
2.48
2.68
2.54
2.66
2.44
2.42
S.m
2.72
2.48
1.98
2.44
2.42
2.39
2.38
2.S9
2.54
232
2.02
228
2.58
2.58

1.52
1.57
1.55
1.48
1.65
1.32
1.55
1.61
1.3U
1.62
1.31
1.45
1.71
1.43
1.s3
1.74
1.53
1.43
1.46

ANDASsa

Tlt t

(L)
!0)

AT5DP2FJOMANC2DATAFORR~-26101NEc@EuSTIU6C~ FILMCCK3LBDWIT6IW’8L;
VZRTIOAL-SLOTO-T ISJ2C’N?R

1.50
1.235
1.145
1.125
1.15
1.=
1.16
1.175
1.11
1.07
1.1s5
1.2Q
1.175
1.s05
1.20
1.44
1.SJY
1.54
1.29
132
1.44
1.32
1.2s5
L.30
1.39
1.53
1.47
1.22
1.34

0.78
.865
.623
.570
.5s2
.485
.465
.460
.413
.413
.413
.555
.342
.352
317
.345
.2s5
.2s5
.283
-=3
.310
.2s2
.2s2
.281
.22
.285
.165
.172
.130

21

965
641
978
845
812
985
958
947
977
S60
97s
9ss
7al
860
9s9
773
972
9s0
9s1

S96
6=
968
9S2
6W’
925
920
938
9?5
S04
914
931
61S
938
934
811
918
768
910
S22
853
918
928
936
919

&“5
907
905

262
2s2
253
2s5
2s0
2s5
235
266
2s3
2M
2S6
268
217
2s5
2s2

cool
270
230
2s9
262
258

253
267
2!53
248
232
265
255
267

233
250

23s
252
255
257
2s2

&7
252
252

mlant.etmlalwhola
1.18
1.10
1.17
1.12
l:E
1.17
1.13
1.25
.95
1.41
1.37
.63
1.4s
1.31
.s5
1.54
1.53
1.s
M
1.05
1.06
1.55
1.64
1.54
1.53
1.5s
1.71
1.82
1.81
1.61
1..73
1.61
1.45
2.11
1.52
;:%
1.54
1.30
1.3?
1.4s
1.52
1.61
1.37
1.11
1.46
1.77
1.76

-
12.5
1.3.3
lz.a
13.8
14.8
14.1
13.0
11.2
11.1
13.0
8.7

1:::
8.4
8.0
9.5
5.35
6.1
5.1-

mm M<
16.4
20.0
13.9
12.7
12.93
11.4
Ill
10.4
10.4
9.9
9.9
8.0
:;:
6.7
7.7
6.3
7.7
7.3
7.3
7.5
7.1
7.1
6.S
5.3
:::
4.3
3.2

247.5
243
247.5
244
219
2:;.5
246
261
232.5
252
231
227
249
249.5

248
248
247
1-n
244
259.5
247.5
244
247
246
244
-239
243
235
245.5
239.5
2U
250
217.5
243
244.5
240
245.5
24s
24S.5
247.5
248
244.5
245
240.3
24s
237
257

%moreticaliqmlseforalmholinaamxedtube themaceankm ammla.

I.M
.65
.86
.885
.91
“%ii
.a5
.665
.88
.S4
.87
.s2
.68
.ss
.s8
.875
.91
.91

).87
.80
.885
.68
.s6
.6s
.90
.ss
.65S
-92
.90
.93
.95
.92
.91
.74
.93
.Sa
.92
.93
.23
A:?

.93

.91

.85

.90
-25
.64

1.40
1.3s
l.n
1.81
2.10
1.74
1.77
1.59
::3
1.44
l:3a
1.97
1.08
1.02
1.88
1.01
.64
1.00

309
304
306
320
348
316
X4
H:
530

E
346
2s9

3=:
269

3=0:

501

W.5
502.5
302.5
502.5
469
%.5
502.5
301
5J32.5
WI.
X)2.5
489
498
502.5
5J2.5
469
499
501
496
496
488
4s9
475
476

1.97
2.01
1.93
2.03
1.94
1.94
1.88
1.64
1.a2
1.S6
1.ss
1.48
1.73
1.76
1.44
1.51
.58
1.69
1.46
1.64
1.46
1.31
1.33
1.39
1.05
1.5s
.64
.87
.64

16
H
19
11
23
%’
24
::
32
13
2s
22

~8
38
52

16
7.5
27
30

2.5
36.3
53
55
45

::
83
55
2s

H
34
54

:?
53
59
58
47
27
3
55.5

263
2s0
301
335
221
2s8
270
294
314
274
272
335
2a3
277
322
2s1
257
232

4s5
493.5
475.5
472.5
471.5
4s6
4S2.3
466
447.3
457.5
458
4s5.5
438
447.5
475
485
476.5
468
448.5
437
468
450
U2
440
452
461
446
417
416.5

.

#



.

-Cmknt
Injmtar

A’z&’

rAaaptar

.

7
1.875”3.1

J

,!!

!4

F

.n:,+itil 1, .



NACARM E51E04 23

Fl$ure2.-Bopellantln@otor.
I



.

.



. , .
2178

.,.,: :,fi:
,,, ,
‘1

.;~’”:”
,,”:”
t,,,;
,,,
,/. ‘,

..TT

r 2;74s- .. ,. .-, ,-.,, ,,, ,, ..1, . .,. -0”., ,,

F- S.-Cr~t @rtEd slnt-typeooolantweotor.



b

.



.
. 2178

● ✌

I
.;,
1’;1;$,’,,,,,.

1’
,1

—

~gwe 4. - Tain-nama EtainbaE-*1 teat Eeotlm.



.

.



NACARM E51.E04
.

.

.

.

1

29

.

..9
Specificheat

——— —- ThermalCcwiuctivity-
—- — ViBCOBity
—--— Pranatlnumber

..7

\ \
\

..5 \,%
.

s.. / / \
\

/ \
/ \0

/

\
\

1
\

..
/ ‘

\
\#

\>
/ \

.9
/

\.
>

/ \\
8

/‘

-— ..
.6 .8 1.0 1.2 1.4 1.6 1.8

Oxidant-fuedratio,u.Jwf

Figure5. - Rmpertiesof cmhuetiongasesof~ia-o~gen Llyetembased
ontheoretical.caapoeitions.



30 NACARM E51E04

Ratio’of 1
specificheats

\ Challber
\ pressure

\\ (;y~
\ \ . I

\
\

/ \
y‘,13.6$‘\

\
\ \

/ \, Specific
\ impulse

I

~

.8 1.2 1.6 2.0 2.4
Oxidant-fuelratiojVoflf

Figure6.- Theoreticalvaluesofspecificimpulse(expansion
to1 atm),flametemperature,andratioofspecificheats
(20.4atm).



NACAFM E52J304.

.

j 500

i!
Normalboilingt~eratureat
measuredchamberpressure

400

.

Zcm“

/‘
2CQ

A A

=E=
loco 2 4 6 a 10

Distance downstream of test-sectionentrance, in.

31

. .

Figure7. - Typicalwdl.-~emperaturesurvey of film-cooled
~esk sectdon. Symbolsrefertodifferentlongitudinal
rowsof~c~les.

—~



32 NACARM E51E04

3.Ooo

900

800 -

700

600

5Q0

400 I ,
Normalboilingteqperatureat
measuredtier pressure

300

c

200
0 2 4

,

0

I

6 6
Distancedo’wnstreeauoftest-sectionentrance,in.

(b)Coolant,81COh01.

Figure7. - Concluded.. !?ypicalwall-temperature
surveyoffilm-cooledtestsectica.6ymbol.s
refertod3fferentlongitudinalrum cfthermo-
couples.

.

.

.

.



5.

.

coz
N

.

“

NACARME51E04

160

5 Illtl 1A I I

44-
Llng temperatureat
chanWr pressure

Ill

‘$,~ I 1 / ‘ I
# cb I

5
/ ITomualtail

measured

100

{

m
1 2 3 4 5 6 7—

Distancedownstreamof test-sectionentrance,in.

(a) Completelycooled section.

Figure 8. - mid waKL-tenrperaturesurvey of test sectionfilm cooledwith amnonta.
SymlIolsrefer to differentlongitudinalrows of thermocouples.

.

●

.-



NACARM E51E04 .

.

1200 I I

=s= -

1000

Tf

8 800

$

$
c.

!!?

1

Q 600

ij k.
g

:4CX)

/

200 /

$) ~ h. -
, , 1

Normalboilingtemperatureat
measured cmer pressuze

o t 1 I 1
1 2 3 4 5 6 7 I

Figure
with

Distancedownstreamof test-sectionentrance,in.

(II)Psrtiall.ycooled section.

8.- Concluded. Typicalwall-t~rature surveyof test sectionfilmcooled
ammonia. Symbolsrefer to differentlongitudinalrows of thermocouples.

.

b



NACAFM E51E04
.

.

$’

2.2 I
InjeLtorI

o Vertical-slot ❑
n Tangential-slot

o

l.a t

1.4

1.0 0

0 v
.61 2 3 4 5 6

Coolant,percent,100WZ/(Wo+Wf+W2)

(a)Coolant,water.

Figure9. - Variationofliquid-cooledlengthto dismeter
ratiowithpercentageofcoolant.

-,-”- -

35



36 NACARM E51X04 .

.

I I

Oxidant-fuel
rat io

(W(wf+wl))
o 1.0
❑ 1.0- 1.2
A 1.2 w n

❑ L

A u A
u

A

/

/
/
//

/

I
P

v

4 8 12 3

m

.

Coolant,percent,100Wt/(Wo+W.pl-WZ)

(b)Coohnt}alcoholjvertiml-slotinjector.

Figure9. - C!mtinued.Variationofliquid-cmled
lengthto diameterratiowithpercentageof
coolant.

.

.



..

NACARM E51E04 37
.

2

.

.

.4

.0 0 ~ — ~ r%
0 0

c

.6
0
0

0

.2 i

.8 t

t u

=s=

.4
2 6 10 14 18 22

Coolant,percent,100WZ/(Wo+Wf+WZ)

(c)Coolant,_Oniaj vertical-slotinjector.

Figure9. - Concluded.Variationofliquid-cooledlengthto
diameterratiowithpercentageofcoohant.

.

s



NACARM E5~4

100 I /1
R /

80 Alz- Datafrom
referenee11

6 //1 I
//

I I

‘OP-t-H-,o~
0 .1 .2 .3

I 1
I I

coolantCOOlantinjector
-0Water Verticalslot

❑ Water Tangentialslot
-$ &y:l:loohol Vertioalslot

Verticalslot ..—

v
.5 .6 .7 .8 I

FilmooolantPlow,!JlsIbineo

Figure10.- Gasto filmomlant heat-transferdataforamiuonla-oxygenpropellanteyetern.

.

.

.

.



.

.

*

NACARM E51.E04

260 ) 1
‘Specifichpulse I
Experhentel

--- -- Theoretical

2!3
0

/
\

\
/

/‘
\

/’
\
\

240 ,
/
t \

\
/ \

/ \
\

Z50 /

/ \

/

/
o

220
0

0 0

b

210 00
0

0
T200.6 .8 l.o 1.2 1.4 1.6 1.8 2.0

Oxidant-fuelrst10,Wo/Wf

FigureU. - Experimentalspecificimpulseof anmmnia-oxygensystemcorrectedto
chamberpressureof 250 poundsper squareinchabsoluteand eqding to 1 atmosphere.
Standardpropellantin~ectorjcharacteristiclengthof engine,67 fiches.



40 NACAFM E51J304
.

.

1.10 I 1
1.0<WofifCl.6

Io
~o

1.00
0 Oo

0 0
0° 0

mH A>.90 0 %.

{ ‘
o

~ o
g

.80-
~

I ,

Wo/Wf>l.6 o
t b2

0

D
.
u
~o o

a

o

,

T
.-

.

.

4 5 ,. 6
Coolant,percent,100WZ/(WZ+Wf+Wo)

(a) Coolant,water.

Figure12. - Effectoffih coolingonperformance
ammonia-oxygenrocketengine.C!hemberpressure,
inchabsolute.

7

Ofmo-p~a-tmd
%0 pounds persquare

8

.

.



6 NACAFM E51E04 41

1.10

Qii
f!8

b 1

1.1< W#&z < 1.6

0 0
0 0

0 0 0 0
b

.0
c1

“

.

*

Coolant,percent,100WZ/(WZ+Wf+Wo)

(b)Coolant,ethylalcohol.

Figure12.-Continued.Effectoffilmcoolingonperformanceof1030-
pound-thrustammonia-oxygenrocketengine.Chsmberpressure,250pounds
persquareInchabsolute.

v

.



.

1.10
1.1<~>pu,<1.6

0
0 0

G
o 0

1.CO 0

0
0

.

0

.90

0

.60

-+-_ — — — .

0

I I

W&~Wz >1.6
al
❑ 1.1o -

1 0 0

~ &
+ -

< —0

1.03
-

0 0 ~

.90
z 4 6

CoolAt, percent,lLO w2/(wzk2@o)14

(c) coolant, ammmla.

33--&=-
16 lB

Figure 12. - Camlu&d. Effect of fl)m cmlin6 on perfm=mce of KJW?omd--t amconia-o~
rockat an@M. chamberpressure>a _ P= W- fi~ abd~.

, .
i,, ,, II

$ t


